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Dark Matter (DM) can be trapped by the gravitational field of any star, since collisions with
nuclei in dense environments can slow down the DM particle below the escape velocity (vesc) at the
surface of the star. If captured, the DM particles can self annihilate, and, therefore, provide a new
source of energy for the star. We investigate this phenomenon for capture of DM particles with mass
(mX) heavier than 100 GeV by the first generation of stars (Pop III stars), by using the recently
developed multiscatter capture formalism. Pop III stars are particularly good DM captors, since
they form in DM rich environments, at the center of ∼ 106M DM minihalos, at redshifts z ∼ 15.
Assuming a DM-proton scattering cross section (σ) at the deepest current exclusion limits provided
by the XENON1T experiment, we find that captured DM annihilations at the core of Pop III stars
can lead, via the Eddington limit, to upperbounds in stellar masses that can be as low as a few M
if the ambient DM density (ρX) at the location of the Pop III star is sufficiently high. Conversely,
when Pop III stars are identified, one can use their observed mass (M?) to place bounds on ρXσ.
Using adiabatic contraction to estimate the ambient DM density in the environment surrounding
Pop III stars, we place projected upper limits on σ, for M? in the 100 − 1000 M range, and find
bounds that are competitive with, or deeper than, those provided by the most sensitive current
direct detection experiments. Most intriguingly, we find that each of the Pop III stars considered
could be used to probe below the “neutrino floor,” and identify the corresponding necessary ambient
DM density.
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2I. INTRODUCTION
One of the most profound mysteries nature has presented us with is usually wrapped in two very descriptive,
although sometimes misleading, words: Dark Matter (DM). It was Fritz Zwicky who, in 1933, coined the term dunkle
Materie (i.e. Dark Matter) when describing the non-luminous mass that he inferred must have been present in
abundance in the Coma Cluster of galaxies [1, 2]. It took almost four decades until this idea re-emerged at the
forefront of the literature. In 1970, Vera Rubin and Kent Ford showed that rotation curves of stars in galaxies are
“flat,” a fact that can be interpreted as evidence of non-luminous matter at galactic scales [3]. Since then, a large body
of evidence has emerged that supports the Dark Matter hypothesis. Only 20% of the matter in the universe is made
of regular, baryonic matter. The other 80% is Dark Matter, whose existence is inferred via its gravitational effects,
on all scales. DM leaves its imprint in the Cosmic Microwave Background (CMB) radiation [4–7], since it provides
the gravitational restoring force for the acoustic oscillations of the photon-baryon plasma before recombination.
Under the influence of gravity, the primordial density fluctuations generated by cosmic inflation grow into over-
dense regions, dominated by dark matter, in what is commonly referred to as hierarchical structure formation. DM
forms minihalos that grow, via mergers, into larger and larger halos with a rich sub-structure. Numerical simulations
show that those over-dense regions are connected by DM filaments, and separated by large, under-dense regions. As
such, DM provides the scaffolding upon which regular, baryonic matter gravitationally collapses to form galaxies and
galaxy clusters. Using gravitational lensing, the Sloan Digital Sky Survey (SDSS) confirmed the predominance of
dark matter in galaxies [8]. Moreover, gravitational lensing has been used to map the structures DM forms at galaxy
cluster [9] and cosmological [10–12] scales.
Today, the experimental hunt for dark matter has three prongs: particle production, direct detection, and indirect
detection. So far, the Large Hadron Collider (LHC) has found no evidence of any physics outside of the standard
model of particle physics, which, in turn, implies constraints on phenomenological models of DM. Indirect detection
experiments seek to observe the products of annihilation (or decay) of DM that could emerge from nearby astrophysical
sites where DM densities are high. Of those such places, the center of our galaxy and nearby dwarf spheroidal satellites
of the Milky-Way are prime targets. Expected signals include, but are not limited to, gamma rays. An antiproton
and a gamma-ray excess compared to known backgrounds have been found in Alpha Magnetic Spectrometer (AMS)
and Fermi data, respectively. Both can be explained by the same DM particle model, a ∼ 60 GeV DM particle self
annihilating [13–15]. Alternatively, the gamma-ray signal could come from point sources, such as pulsars [16, 17], and
the anti-proton excess could be due to collisions between cosmic-ray protons accelerated in the presence of a local
supernova remnant (SNR) and the protons in the SNR cloud [18]. Dwarf spheroidal satellite galaxies of the Milky
Way are another prime target for detecting DM-DM annihilation signals. In lack thereof, the Fermi satellite data was
used to place the most stringent bounds on the dark matter annihilation cross section to date [19–21].
Direct detection experiments are extremely challenging. They are very sensitive, to the point of being able to
detect the minute amount of energy a dark matter particle deposits inside the detector as it collides with an atomic
nucleus [22, 23]. Shielding from cosmic ray backgrounds means that these experiments have to be performed in deep,
underground laboratories. Of the ten currently operational direct detection experiments, only the DAMA/LIBRA
experiment in Gran Sasso, Italy produced a detection signal [24–26]. Since 1998, the DAMA/LIBRA experiment finds
an annual modulation in its signal that matches the modulation predicted by [23]. Although this is the cleanest hint of
a dark matter detection yet, unfortunately, it has not been confirmed by other direct detection experiments exploring
the same region of the parameter space, such as XENON1T. To settle this controversy, a new NaI experiment (the
same detector material as DAMA/LIBRA) has been developed: COSINE [27]. It will soon either refute or confirm
the DAMA signal. Another hint of DM detection came recently from XENON1T, the world’s most sensitive DM
direct detection experiment. An excess in the electronic recoil events could be explained by, among other things,
solar axions [28]. While solar axions are not a dark matter candidate, their detection, if confirmed, would be the
first discovery of a particle outside of the standard model of particle physics. This would provide insights into the
production of axions in the early universe, which could serve as dark matter candidates.
In lack of a clear, independently confirmed detection signal from direct detection experiments, we are left with
exclusion limits on how strong DM and baryonic matter can interact. As experiments become more and more
sensitive, they rule out larger and larger swaths of the possible DM-nucleon scattering cross section σ vs DM particle
mass (mX) parameter space. However, an increase in sensitivity comes at a price. In the near future, it is expected
that the XENON1T experiment will become sensitive to neutrinos. At that stage, any possible DM signal would be
swamped by an overwhelming neutrino background, the so-called neutrino floor. As such, new detection strategies
will have to be implemented. In this paper we discuss one such strategy, which relies on the capture of Dark Matter
by the first generation of stars, the so called Population III (Pop III) stars.
Pop III stars formed at the center of DM mini-halos (Mhalo ∼ 106M), when the universe was roughly 400 Myrs
old, corresponding to redshifts z ∼ 15. At that epoch, pristine, zero metallicity gas from Big Bang Nucleosynthesis
is cool enough to start its gravitational infall into the potential well provided by the high DM density regions at the
3center of the halo. Hydrodynamical simulations demonstrate that typically one or just a few Pop III stars form per
mini-halo, with masses up to ∼ 1000M. Consequently, they are hot and emit a lot of photo-ionizing radiation. As
such, Pop III stars usher the epoch of re-ionization, when the baryonic gas in the universe becomes fully ionized. This
transition is complete by redshift z ∼ 7. For reviews on the formation of the first stars see Refs. [29–36]. The role
of the heating from DM annihilation on the formation of the first stars has been initially investigated by Ref. [37],
who found that under certain conditions, dark matter heating can overcome the dominant cooling mechanisms. This
would subsequently halt the collapse of the protostellar gas cloud when the the baryon number density is roughly
n ∼ 1017 cm−3, leading to the formation of a new phase in the stellar evolution, a Dark Star. These puffy objects are
powered by dark matter annihilations. Dark stars can grow to be supermassive [38], and could be observed with the
upcoming JWST [39]. Their observation would indirectly confirm the existence of dark matter. In contrast, if dark
matter heating plays little role in the formation of the first stars, a proto Pop III star is born when the baryons have
collapsed up to n ∼ 1022 cm−3. Pop III stars and Dark Stars have very different photometric signatures [39, 40], and
as such, JWST could be used to disambiguate between those two.
In this work we demonstrate how the observation of any Pop III star can be used to place very stringent constraints
on the strength of the proton-DM scattering cross section. Most importantly, if the ambient DM density (ρX) is
sufficiently high, Pop III stars can be used to probe below the neutrino floor, which will soon limit direct detection
experiments on earth. The paper is organized as follows: in Sec. II we briefly review the formalism used to calculate
how efficiently DM is captured by astrophysical objects, and apply it to Pop. III stars; in the process, we find that
the heating from annihilations of captured DM inside the star leads to an upper bound on the stellar mass (M?).
In Sec. III we show how one can use the mere observation of a Pop. III star of a given mass to place constraints on
the product between the DM-nucleon cross section (σ) and the ambient DM density (ρX). Using upper bounds from
XENON1T on σ, we then obtain bounds on ρX , for Pop III stars of various masses. Conversely, using the adiabatic
contraction formalism to estimate the possible range of ρX at the location of Pop III stars, we calculate exclusion
bands in the σ vs mX parameters space corresponding to Pop III stars of masses between 100−1000M. We find that
each of those can be used to probe below the neutrino floor and find the necessary ambient DM density ρX;n.f.. Sec. IV
is dedicated to a discussion of the implications and limitations of our approach. The paper ends with two appendices,
in the following order: in Appendix. A we review the technical details of the multiscatter DM capture formalism and
present derivations of analytic closed form formulae for the total capture rates in various limiting regimes of interest.
This can be very useful in practice, for future research, since calculating the capture rates numerically can turn out
to be computationally expensive. In Appendix B, we apply the commonly used adiabatic compression formalism to
estimate the ambient DM density relevant for the capture of DM by Pop III stars.
II. CAPTURE OF DM BY POP III STARS AND ITS OBSERVATIONAL EFFECTS
Via collisions with nuclei inside any compact, astrophysical object, such as stars, neutron stars, or white dwarfs,
a DM particle can be slowed below the escape velocity at the surface of the object, and thus become trapped by its
gravitational field. Subsequent collisions lead to further slowing down, and eventually the captured DM sinks towards
the center of the star, forming a self-gravitating DM core. This is, in essence, what is commonly referred to as DM
capture. This phenomenon was studied initially for Weakly Interacting Dark Matter (WIMPs) in the 1980s, when
the single scattering capture formalism of [41–43] was developed. In practice, the formalism is limited to the case
when DM particles are, on average, experiencing at most one collision with nuclei inside the star as they traverse it,
hence “single scattering.” This is a valid approximation when the capturing object is not too compact, and/or when
the cross section of interaction between DM and baryons is not too high, which is a direct consequence of the average
number of collisions per crossing of an object of radius R?, with target nuclei number density nT , also called the
optical depth being given by: τ = 2R? σ nT . Whenever τ  1, one can safely apply the single scatter formalism of
DM capture. Conversely, when τ  1, one should use the more general, multi-scatter formalism, developed in 2017
by [44] 1. In the next few paragraphs, we give a brief review of the multi scatter formalism, and the closed form
analytical approximations we derived for the total capture rates, in various limiting regimes. The interested reader
should consult Appendix A for technical details. As DM particles, coming from a reservoir with number density nX ,
cross an astrophysical object with nT number density of scattering nuclei, they will be captured at a rate given by [44]:
Ctot =
∞∑
N=1
CN =
∞∑
N=1
piR2?︸︷︷︸
capture area
× nX
∫ ∞
0
f(u)du
u
(u2 + v2esc)︸ ︷︷ ︸
DM flux
× pN (τ)︸ ︷︷ ︸
prob. for N collisions
× gN (u)︸ ︷︷ ︸
prob. of capture
. (1)
1 See also [45–47]
4Throughout, we will denote by CN the capture rate after exactly N collisions with nuclei inside the star. Note that
for non-relativistic DM, such as is the case in our work, nX =
ρX
mX
. Therefore, since Pop III stars form in DM rich
environments (see Appendix B for estimates of ρX), they are particularly efficient at capturing DM. In Ref. [48] we
showed that the probability of N collisions between DM and nuclei inside the star has the following closed form:
pN (τ) =
2
τ2
(
N + 1− Γ(N + 2, τ)
N !
)
, (2)
where Γ(a, b) is the incomplete gamma function. For the probability that DM particle is slowed down below vesc by
exactly N collisions we assume, following [44]:
gN (u) = Θ(umax;N − u), (3)
where Θ(x) is the Heaviside step function. Throughout, we denote by umax;N = vesc
[
(1− β+/2)−N − 1
]1/2
, the
maximum value of the velocity a DM particle can have, far from the star, such that it will be slowed down below the
escape velocity after N collisions. Here β+ ≡ 4mmX/(m + mX)2, with m being the mass of the target nucleus. In
our work, we assume a Maxwell-Boltzmann distribution fMB(u) for the velocities of DM particles surrounding the
star. There is only one unique parameter describing such a distribution, the velocity dispersion (v¯). In Appendix B,
we estimate that the dispersion velocity for DM in 106M minihalos where Pop III form is, to within factors of
order unity, v¯ = 10kms−1. For more details on how we implement the calculation of Ctot from Eq. (1) numerically,
and for useful analytical approximations and their derivation, see Appendix A. To facilitate the understanding of the
main body of the paper, without the need to refer to appendices, we summarize below the main results regarding the
behaviour of the capture rates.
In the multiscatter regime (τ  1) we find (see Eqns. (A8) and (A16a)) that the total capture rate has the following
scaling:
Ctot ∼ ρXσ
m2X v¯
3
M3?
R2?
, (4)
whereas for single scattering capture (τ  1) we find two distinct scalings:
Ctot = C1 ∼

ρXσ
m2X v¯
3
M3?
R2?
, if mX  3m
(
vesc
v¯
)2
(5a)
ρXσ
mX v¯
M2?
R?
, if mX  3m
(
vesc
v¯
)2
(5b)
It is noteworthy, and perhaps somewhat unexpected, that at the higher end of the DM particle mass where the single
scattering approximation holds, we recover the same scaling with relevant parameters as one has in the multiscatter
capture regime, as one can see from Eqns. (4) and (5a).
Self-annihilating dark matter, once captured, can lead to a new source of energy inside the star. The interplay
between captured and annihilated dark matter can be modeled by the differential equation:
N˙ = C − 2ΓA, (6)
where C is the capture rate and ΓA is the annihilation rate. Previous work on Pop III stars showed that, for WIMP-like
dark matter, equilibrium is quickly reached within the lifetime of the star [49]. The same holds true for superheavy
dark matter (mX & 108GeV), assuming an annihilation cross section at the unitarity limit, as shown in [48]. After
this equilibrium is reached, the rate of change of DM particles in the stellar core becomes zero, and one obtains a
stable energy source from dark matter annihilations with luminosity:
LDM = fΓA2mX = fCtotmX , (7)
with f being the fraction of the energy per annihilation event (2mX) that is deposited inside the star. Following [50],
we take f = 2/3, with the other 1/3 of the energy being lost to neutrinos. Even if f is somewhat model dependent,
it will always be an order unity number, as there are no models that predict a majority of the annihilation energy
being lost to neutrinos, the only particles that escape and do not thermalize within the star.
An example calculation of dark matter luminosity from annihilations is presented in Fig. 1. Assuming XENON1T [51]
Spin Independent (SI) upper bounds on σ:
σ . 1.26× 10−40 cm2
( mX
108 GeV
)
, (8)
5FIG. 1. Upper bounds on the luminosity from captured dark matter annihilations for Pop III stars of various masses in the
mass range of 102 − 1016GeV. We assume here v¯ = 106cms−1 and ρX = 1016GeVcm−3. For the proton-DM cross section we
used XENON1T SI bounds.
we obtain the maximum possible luminosity due to captured DM (LDM ) at a given DM particle mass (mX), for
Pop III stars of mass 10, 100, and 1000M, respectively.
From Fig. 1, we note the two distinct trends for the upper bounds that any DM direct detection experiment places on
LDM . At high mX a constant value, whereas for lower mX we find L
max
DM ∝ mX . This transition at mX = 3m(vesc/v¯)2
is to be expected, in view of our results for the scaling of Ctot (Eqns. (5a) - (5b)). Moreover, since LDM ∝ σ/mX for
mX & 3m(vesc/v¯)2, and in view of the upper bound on σ ∝ mX , we can understand the trend from Fig. 1, where
at the high mass end LmaxDM ∝ m0X . Conversely, for mX . 3m(vesc/v¯)2, a consequence of the capture rate being
proportional to σ/mX is that L
max
DM ∝ mX , as found numerically in Fig. 1.
Using these calculations for the luminosity from dark matter self-annihilations, we can estimate an upper bound on
the mass of Pop III stars shining at the Eddington Limit. For stars that are radiation pressure dominated, the mass
and luminosity become linearly proportional. Additionally, any further accretion or additional luminosity for a star
is disrupted by the radiation pressure and is not allowed. We can write the Eddington Luminosity as:
LEdd =
4picGM?
κρ
, (9)
where G is the Universal gravitational constant, c is the speed of light, M? is the mass of the star in question, and κρ
is the stellar atmospheric opacity. The dominant opacity source in metal-free, hot atmospheres is Thompson electron
scattering, which is a function of the hydrogen fraction (X) of the star: κρ = κes = 0.2(1 + X)cm
2s−1. The reality
is that, as the star ages, the hydrogen fraction decreases while the fraction of other elements increases, making κρ a
function of the age/metallicity of the star. In this work we assume BBN composition of Pop III stars, resulting in an
Eddington luminosity of:
LEdd = 3.7142× 104(M?/M)L (10)
Re-interpreting the Eddington Luminosity not as a maximum luminosity but as a maximum mass bound, we can
calculate what the maximum mass of Pop III stars would be, via the following criterium:
Lnuc(M?) + LDM (M?) ≤ LEdd(M?), (11)
with the bound being saturated for a star of M? = Mmax. We include contributions to the luminosity from both DM-
DM annihilations and hydrogen burning in the core. For the contribution from nuclear fusion, we find an interpolating
function that fits well the Zero Age Main Sequence (ZAMS) Pop III models as tabulated in Table I. We therefore
assume that, to a good approximation, the rate of hydrogen fusion, and therefore Lnuc, will not be affected by dark
matter annihilations taking place inside the stellar core. A full hydrodynamic simulation, which is beyond the scope
of this paper, would be required to account for the possible effect of the DM annihilations on the nuclear luminosity.
However, based on the stellar thermostat effect, we expect that the core temperature, and therefore the nuclear
luminosity, will not change significantly even if there is an additional source of energy, DM annihilations. If anything,
6DM annihilations would lead to an increase in core temperature, and therefore to an increase in the nuclear luminosity.
As such, our bounds should be viewed as conservative.
In Table I we list the relevant parameters, such as mass, radius, escape velocity, and luminosity due to nuclear
fusion, for Pop III stellar models from [52–54].
M?[M] R?[R] vesc[vesc,] Lnuc[L]
1 0.875 1.072 1.91× 100
1.5 0.954 1.257 1.05× 101
2 1.025 1.401 3.29× 101
3 1.119 1.642 1.46× 102
5 1.233 2.019 8.46× 102
10 1.400 2.680 7.27× 103
15 1.515 3.156 2.34× 104
20 1.653 3.488 5.11× 104
30 2.123 3.769 1.45× 105
50 2.864 4.190 4.25× 105
100 4.118 4.942 1.40× 106
200 6.140 5.723 3.97× 106
300 7.408 6.382 6.57× 106
400 9.030 6.674 9.89× 106
600 11.24 7.326 1.61× 107
1000 12.85 8.845 2.02× 107
TABLE I. Stellar mass, radius, and luminosity in solar units for the Zero Age Main Sequence (ZAMS) Pop III models of [52–54]
we consider in this paper.
As alluded to before, in order to apply our Eddington limit criterion (Eq. (11)), and therefore find the maximum
mass a Pop III can have if the effects of captured DM annihilations are taken into account, we need a fitting formula
for Lnuc(M?). We find:
Lnuc ' 10
log(3.71×104Ls/erg)
1+exp(−0.85x−1.95) · x 2.01x0.48+1 erg /s, (12)
where x ≡ M?M and L ≡ 3.846× 1033 erg /s. This formula interpolates between the lower mass regime (Lnuc ∝M3? )
and the Eddington limited regime (Lnuc ∝ M?). An example calculation of the Eddington limit, dark matter
luminosity, and nuclear luminosity is presented in Fig. 2.
In Fig. 2, the maximum mass corresponds to the intersection of the sum LDM +Lnuc and the Eddington limit. We
note a break in the power law for the dark matter luminosity around M ∼ 20M. This power law comes from the
dependence on radius with mass that we derived for our Pop III star data. The piecewise expression we adopt for the
rest of this paper is:
R?
R
≈
0.88
(
M?
M
)0.20
if M? . 20M
0.32
(
M?
M
)0.55
if M? & 20M.
(13)
These homology relations were found by fitting two distinct power laws to the data in Table I. Since in Fig. 2 we
consider the case of a 100GeV DM particle, in view of Eq. (5b), LDM ∝M2?/R?, and in view of Eq. (13) we predict,
and confirmed numerically, that LDM ∝ M1.8? (for M? . 20M), and LDM ∝ M1.45? (for M? & 20M). We note
that for mX & 3m(vesc/v¯)2, we expect a different scaling of LDM with M?, in view of Eqns. (4)- (5a). Namely,
LDM ∝ M2.6? (for M? . 20M), and LDM ∝ M1.9? (for M? & 20M), respectively. The main point is that all of
those indicate an increase with stellar mass faster than M?. Therefore, for a sufficiently large M?, one is guaranteed
to find that the sum Lnuc + LDM reaches the Eddington limit, which directly implies a maximum stellar mass.
Upper bounds on Pop III stellar masses obtained by imposing the sub-Eddington condition (Eq. (11)) and assuming
XENON1T SI limits on σ, are shown in Fig. 3. For v¯ we have assumed a fiducial value of 10 km/s, representative
of the 106M minihalos hosting Pop III stars [49, 55] (see also Appendix B). Reading the plot vertically, we note
that for a given mX , an increase in the ambient DM density, ρX , leads to tighter bounds, as evidenced by the
darkening of the colors in the heatmap as we progress upward, towards higher ρX , in bins of fixed mX . This is to
be expected, since LDM ∝ ρX , and therefore Mmax is inversely proportional to the ambient DM density. We now
move to discussing the trends in the heatmap if we read it horizontally, keeping ρX fixed. Remember, L
max
DM ∝ mX ,
7FIG. 2. Luminosity as a function of stellar mass for 104 GeV dark matter and a DM density of ρX = 10
16 GeV. Two things to
note are: (a) the nuclear fusion luminosity approaches the Eddington limit for large stellar masses and (b) the sum of LDM and
Lnuc and it’s intersection with LEdd defines the maximum mass for a given density and mass of dark matter. In this specific
calculation, we find a maximum mass of Mmax ∼ 1100M. We can see the same result in Figure. 3 – the maximum mass of a
Pop III star considering 104 GeV dark matter at an ambient density of 1016 GeV cm−3 is of order 103M.
whenever mX . 3m(vesc/v¯)2, and LmaxDM ∝ m0X , when mX & 3m(vesc/v¯)2, as evidenced by the two distinct trends of
LmaxDM in Fig. 1. This implies upper bounds on Pop III stellar mass that are insensitive with mX , at the higher end
of the DM particle mass range, and bounds that become weaker as we decrease mX , whenever mX . 3m(vesc/v¯)2.
Both of those trends can be seen in Fig. 3.
In the next section we demonstrate that the mere observation of a Pop III star of any mass can be, in principle,
used to place constraints on the DM-proton scattering cross section.
III. CONSTRAINING DM PROPERTIES USING POP III STARS
In this section we demonstrate a method for placing bounds on dark matter properties through the observation of
Pop III stars. As discussed in the previous section, the capture and annihilation of dark matter particles by Pop III
stars in dense DM environments provides an additional source of stellar luminosity. This extra power source places
limits on the maximum mass it can attain via the Eddington luminosity, as demonstrated in Sec. II (Fig. 3). Here,
instead, we pose the following question: what information about dark matter can we ascertain if we were to observe
any Pop III star, of a given mass? The mere existence of the star already implies something about the luminosity due
to captured DM: LDM ≤ LEdd(M?)− Lnuc(M?), which is just the sub-Eddington condition of Eq. (11), re-arranged
in order to demonstrate the idea of constraining DM properties. Whenever v¯  vesc, and mX  m (which is the case
for Pop III stars and the mX & 100GeV DM particle mass range considered here), it turns out that this condition
can be recast as:
fmX
√
24piGM?R?
ρX
mX v¯
∞∑
N=1
pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
︸ ︷︷ ︸
Total Capture Rate (Ctot)
≤ LEdd(M?)− Lnuc(M?), (14)
with A2N = (3Nmv
2
esc)/(mX v¯
2). We have used the fact that LDM = fmXCtot (Eq. (7)), and for the total capture
rate Ctot =
∑N=∞
N=1 CN , with CN given by Eq. (A7). Since the sum on the L.H.S. is directly proportional to the
8FIG. 3. Maximum stellar mass as a function of mX and ρX assuming X1T SI DM-proton cross section bounds and v¯ = 10
6cms−1
when including the effects of annihilation of captured dark matter by Pop III stars. The gray area corresponds to bounds weaker
than 104M, where other mechanisms, such as fragmentation of the gas cloud or radiative feedback, would be dominant in
determining the maximum stellar mass [56].
DM-proton scattering cross section 2, we can use Eq. (14) to place upper bounds on σ × ρX . Using constraints on σ
from direct detection experiments, we can break this degeneracy, and use our method to place upper bounds on ρX
at the center minihalos hosting Pop III stars. Additionally, one can estimate the ambient DM density at the location
of the star. In Appendix B, we apply the well established adiabatic contraction formalism to do just that. This
leads to the exciting possibility of constraining the proton-DM scattering cross section (σ), via Eq. (14) and finding
numerically the value of σ which saturates the inequality.
We start with our projected bounds on ρX ×σ, inferred from assuming the possible identification of of Pop III stars
of various mass. To this aim, we recast Eq. (14) by isolating on the l.h.s. all the unconstrained parameters (in this
case ρX and τ ∝ σ):
ρX
∞∑
N=1
pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
≤ LEdd(M?)− Lnuc(M?)√
24pif
v¯
GM?R?
(15)
Next, we approximate the sum in Eqns. (14)- (15), and find that it takes three possible values: 1 (Region II, i.e.
τ  1 and kτ  1), 2/3τ (Region III, i.e. τ  1, and k  1), and 2/3kτ (Region IV, i.e. k  1 and τ  1, and
Region I, i.e. kτ  1 and τ  1) . This allows us to explicitly express LDM ∝ ρXσ, as expected. See Appendix A for
details on how we obtained the three approximate values mentioned above. In Fig. 4, we plot the various regions of
validity for those three approximations, in the σ-mX parameter space. Note that the location of the k = 1, τ = 1, and
kτ = 1 lines that separate the σ −mX parameter space into the four regions (labeled I-IV in Fig. 4) will be different
for different mass stars, which can be most easily understood from the following scaling relations for τ = 2R?σnT
2 This subtle point can be most easily understood if we look at the limiting behaviours from Eq. (4) and Eqns. (5a)- (5b). For more
details see Appendix A
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FIG. 4. Leading order approximate values of
∑∞
N=1 pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
in various regions of the σ−mX parameter
space are given in the legend. The line of τ = 1 separates the single scatter (τ . 1) from multiscatter regime (τ & 1). The
multiscatter region can be further subdivided into two: Region I (τ & 1 and kτ . 1) and Region II (τ & 1 and kτ & 1), where
the sum takes the value: 2/3kτ , and 1, respectivelly. We define k in the following way: k ≡ A21 = 3mv
2
esc
mX v¯
2 . Furthermore, note
that the line k = 1 separates the single scatter capture in two two distinct regions: k  1, where the sum is 2/3τ (Region III),
and k  1, where the sum is 2/3kτ (Region IV). Most remarkably, we find that in region IV (single scatter, and kτ  1) and
region I (multiscatter, and kτ  1) the sum, and therefore the capture rates, have the exact same parametric scaling.
(with nT the number density of target nuclei) and k = 3
m
mX
v2esc
v¯2 (with m being the mass of the target nuclei):
k ≈ 10−4 M?
M
R
R?
(
10 kms−1
v¯
)2
108GeV
mX
(16)
τ ≈ 10−5
(
σ
1.26× 10−40 cm2
)
M?
M
(
R
R?
)2
. (17)
Throughout our work, we assume that collisions with the more abundant H nuclei (i.e. protons) dominates the
capture. This simplification leads to an underestimate of the total capture rates, and therefore all of our bounds
would become more stringent, if the effects of collisions with He nuclei were taken into account. In obtaining the
result of Eq. (17), we assumed the fraction of H in a Pop III star to be given by BBN, i.e. X ≈ 0.75.
Having found approximations for
∑∞
N=1 pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
, we can use them to calculate the capture
rates, in each of the four regions identified (see the underbraced part of Eq. (14) or Eq. (A8)). Perhaps the most
intriguing, and somewhat unexpected region of the σ −mX parameter space is what we called Region II, in which
the sum attains its maximum value, 1. Physically, in that region, the scattering cross section is sufficiently high to
efficiently lead to capture of all the DM particles crossing the star. This leads to a particularly simple form for the
total capture rate, which now becomes just the number of DM particles crossing the star per unit time, i.e. flux ×
area:
CIItot ≈ 8× 1043 s−1
( ρX
1014 GeV cm−3
)(102 GeV
mX
)(
10 kms−1
v¯
)
M?
M
R?
R
. (18)
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We point out that in fact, the region of validity for this approximation (Region II in Fig. 4) is within the exclusion
limits for both SI (XENON1T) and SD (PICO60) DM-proton scattering, for all of the Pop III stellar models we
considered. Continuing to Region III (single scatter and k ≡ 3mv2escmX v¯2  1) we find:
CIIItot ≈ 5.4× 1038 s−1
( ρX
1014 GeV cm−3
)( σ
1.26× 10−40 cm2
)(
102 GeV
mX
)(
10 kms−1
v¯
)(
M?
M
)2(
R?
R
)−1
. (19)
This is just the scaling from Eq. (5b), with numerical factors explicitly shown here. Moving to regions IV (single
scatter and k  1) and I (multi scatter and kτ  11), we find, remarkably, that the capture rates have the exact
same form:
CItot = C
IV
tot ≈ 5.3×1028 s−1
( ρX
1014 GeV cm−3
)( σ
1.26× 10−40 cm2
)(
108 GeV
mX
)2(
10 kms−1
v¯
)3(
M?
M
)3(
R?
R
)−2
.
(20)
This is a highly counter intuitive result, since in Region IV the single scatter approximation holds, whereas Region I
is where the multi scatter approach is necessary. The fact that there is a smooth continuity between those two is not
unexpected. What is surprising is the large swath of parameter space for which both the single scatter approximation
and the multi scatter yield exactly the same result, even if in one case the controlling parameter τ is much larger than
one (Region I) vs. much less than unity (Region IV).
From Eq. (14), and using the three different forms of Ctot from Eqns. (18)- (20), we can place numerical bounds on
ρXσ. Note that from the independence of σ in C
II
tot, the total capture rate in Region II, we could directly constrain
the DM density at the location of the star, without any knowledge of σ! However, unfortunately, for Pop III stars,
Region II of parameter space is already excluded by direct detection experiments. For objects that are more compact,
such as neutron stars, it turns out that Region II is in parameter space that is not yet ruled out by direct detection
experiments. This means that, in principle, if effects of DM heating could be observed in Neutron Stars, besides
acting as probes of DM, NS could also be used to constrain the DM density in their environment, if capture becomes
so efficient such that the entire DM flux crossing the NS is trapped. Returning to the focus of our paper, Pop III
stars, we get the following constraints on ρXσ:
ρXσ .

(
pi
6
)1/2 v¯
v2esc
m
XM?
LEdd(M?)−Lnuc(M?)
f , for Region III(
pi
54
)1/2 v¯3
v4esc
mX
XM?
LEdd(M?)−Lnuc(M?)
f , for Regions IV and I
(21)
The above equation comes from Eq. (15), by using the appropriate approximations for the sum on the l.h.s.: 2/3τ
(Region III) and 2/3kτ (Regions IV and I). As usual, by X we denote the hydrogen mass fraction of the star, and f
represents the fraction of the annihilation energy deposited in the star. In obtaining the bounds for Region IV (τ  1
and k  1) and Region I (τ  1 and kτ  1), we have explicitly replaced k with its definition: k ≡ 3 mmX
v2esc
v¯2 . From
Eq. (21), we expect that our bounds on ρXσ vs. mX will be constant for lower mX (i.e. Region III, where k  1)
and will scale linearly with mX at larger DM particle mass, corresponding to k  1 (Regions I and IV), a trend that
can be seen explicitly in Fig. 5. As expected, the tightest bounds in Fig. 5 are placed through the observation of the
most massive Pop III stars, since more massive stars lead to more efficient capture rates, and therefore a larger LDM .
This is a major benefit of our method, as more massive stars are easier to detect than their less massive counterparts
due to their greater luminosity.
As mentioned before, the DM luminosity is sensitive to the product ρX × σ, both in the single and multi scatter
capture regimes. As such, without any other information aside from the mass of a hypothetically observed Pop III
star, we can only constrain this product. We now proceed to break down the degeneracy between ρX and σ, and place
exclusion limits on each of those two independent parameters. If direct detection experiments are to find the DM
particle, both σ and mX are going to be in a relatively narrow swath of the σ−mX parameter space, between current
bounds and the neutrino floor. In Fig. 6, we calculate projected bounds on the ambient DM density at the location
of Pop III stars, implied by the observation of a Pop III star, and assuming the DM-proton scattering cross section
is anywhere in the band of parameter space where direct detection experiment could identify it. This represents a
method for constraining the central DM density in halos, a parameter that is beyond the reach of current numerical
simulations. In order to place the constraints on ρX presented in Fig. 6, we numerically solve Eq. (15) for the DM
density that saturate the sub-Eddington bound, for a variety of proton-DM cross sections, for hypothetical Pop III
stars with mass ranging between 10M and 1000M. For σ, we assume values that are still allowed by direct detection
experiments, but above the neutrino floor. Note that our projected bounds actually will become weaker, as direct
detection experiments further constrain σ to lower and lower values. This is to be expected, since pushing σ to lower
values implies higher ρX in order to maintain the capture rate, and LDM , constant. We note a broken power law
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FIG. 5. Projected bounds on (ρX × σ) vs. mX imposed by the potential observation of Pop III stars. In obtaining those
limits we only assume the observation of a hypothetical Pop III star, of a given mass. The thin vertical lines correspond to
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= 1, for each star.
behavior for our projected upper bounds on ρX with mX : at high mX the bounds are constant, whereas at lower mX
they scale like m−1X . Both of those are a consequence of the two different scaling relations valid for the total capture
rate: Ctot ∼ ρXσ/mX (Region III, where k  1) and Ctot ∼ ρXσ/m2X (Regions IV and I, where k  1). Since we
use bounds from direct detection: σ ∝ mX , this leads to LmaxDM ∼ ρXmX (Region III) and LmaxDM ∼ ρX (Regions IV
and I). This, in turn, leads to the observed broken power law trend in the ρX projected upper bounds. Additionally,
for higher mass stars, the bounds are stronger, which is a consequence of higher capture rates for the case of more
massive Pop III stars. For the most massive star we consider here, M? = 1000M, using the current best bounds on σ
places a limit on ρX as low as 10
14 GeV cm−3 for DM masses & 106 GeV. This value ranges from ∼ 1014− 1016 GeV
cm−3 for σ between the current best bounds and the neutrino floor. For the lowest DM mass (mX = 102 GeV), our
bounds range from ∼ 1018−1020 GeV cm−3. A similar analysis on the M? = 10M case shows a limit of ∼ 1017−1019
GeV cm−3 for DM masses & 105 GeV and ∼ 1019 − 1021 GeV cm−3 for mX = 102 GeV.
We discuss below the implications of our results regarding the possibility of constraining the DM density at the
center of DM halos hosting Pop III stars. Fig. 6 outlines the main findings: a way to constrain the DM ambient
density towards the center of halos with maximum values as low as ρX ∼ 1014 GeV cm−3 for the most massive stars.
Analytically, dark matter halo profiles can be well understood by the NFW profile, as outlined in [59]. These profiles
become altered due to the infall of baryonic matter to the center of the halo, which pulls the dark matter closer
towards the center in a process known as adiabatic contraction. Previous work has been done to study DM capture
and annihilation in the first stars using these adiabatically contracted profiles [49]. However, although analytical
methods can be used to estimate the ambient DM density at the edge of the baryonic core, as done in [60] and
this paper (See Appendix B), numerical simulations, such as those done in [30], are unable to resolve the density
towards the edge of the baryonic core. Hence, we provide a novel method for constraining this property through the
observation of Pop III stars, in conjunction with the possible upcoming identification of σ and mX by direct detection
experiments. Our findings, outlined in Fig. 6, demonstrate that realistic bounds on the DM density can be placed
across all DM masses.
We conclude this section with the most exciting application of our method: using Pop III stars to place upper
bounds on the DM-proton scattering cross section. In [61] we apply this method to the Pop III candidate complex
at z ∼ 7 identified in the MUSE Hubble deep lensed field by [62] and find exclusion limits on σ that are competitive,
or deeper than, those obtained by the most sensitive direct detection experiments, to date: XENON1T(SI), and
PICO60(SD). In this paper, we will focus on the projected upper limits resulting from potential detection of Pop III
stars at redshifts of z ∼ 10− 20. For constraining σ, we assume a central DM density corresponding to adiabatically
contracted NFW profiles with enhanced densities of ρX = 10
13−1019 GeV cm−3 for Pop III stars formed at z ∼ 10−20
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FIG. 6. Projected constraints on DM ambient density at the center of Pop III host DM mini-halos as a function of DM
mass. For the solid/dashed exclusion limit lines we assume the DM-proton scattering cross section at the current XENON1T
limit/XENON neutrino floor given by [57, 58]. The shaded regions represent the regions in the ρX − mX ruled out by the
detection of Pop III star with mass M?. The green lines/regions represent the bounds when M? = 1000M while the purple
lines/regions represent the bounds when M? = 10M.
(See Appendix B for details on DM densities at center of Pop III forming halos). The range in ρX corresponds to
different assumptions on the number density of the collapsing baryonic cloud when compression of the DM densities
due to infall of baryons will cease to be efficient. We represent our uncertainty in the central density by placing a
range of constraints on σ, corresponding to the possible range of DM densities.
Fig. 7 shows our main results: competitive bounds can be placed on the σ − mX parameter space through the
detection of Pop III stars in sufficiently high DM density regions. For comparison, we have included the current,
best bounds on this parameter space available from the XENON1T one-year direct detection experiment for SI
interactions and the PICO-60 experiments for SD interactions. We have also included the best bounds which could
be placed by the XENON experiment. Direct detection experiments on Earth are fast-approaching limits on their
ability to constrain DM parameter space due to the flood of atmospheric neutrinos [58]. Below the so-called “Neutrino
Floor,” these experiments will be unable to discern DM signals from the background flux of neutrinos and will thus
lose constraining power. Our results suggest that we can not only compete with the current bounds placed by the
XENON1T one-year experiment for SI interactions, but also constrain below the neutrino floor for sufficiently high
DM densities, where direct detection cannot. When considering SD interactions, for all DM densities and stellar
masses considered, we predict that Pop III stars, if observed and confirmed, would rule out a large swath of parameter
space currently untouched by the best bounds given by direct detection. Moreover, Fig. 7 shows that in the highest
density environments predicted in adiabatically contracted Pop III star forming DM halos, the observation of Pop III
stars places tighter bounds on σ than possible with direct detection experiments. For the lowest densities we consider
here (ρX ∼ 1013 GeV cm−3) the bounds we place are deeper than current bounds on SD-interactions across all DM
masses. Referring to Appendix B, we can see that this density is approximately that of the DM density at the edge
of the baryonic core for baryonic densities of nB = 10
13 cm−3 for a potential z ∼ 15 system. These bounds are quite
conservative as the baryonic cloud continues to collapse up to the formation of a proto-stellar core, at nB ∼ 1022 cm−3,
which would correspond to an adiabatically contracted value for ρX of ∼ 1019 GeV cm−3. Realistically, we expect
the typical density for a Pop III host DM minihalo to be somewhere between 1013 − 1019 GeV cm−3, closer to the
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FIG. 7. Projected bounds on DM-nucleon scattering cross section as a function of DM mass placed by the potential observation of
Pop III stars with masses ranging from 100M (purple) to 1000M (green). Ambient DM densities are found from adiabatically
contracted NFW profiles. We represent the inherent uncertainty of this procedure by colored shaded regions. They each
represent the range of upper bounds on σ which can be placed for a given Pop III stellar mass, when ρX takes the following
range of possible values: 1013 GeV cm−3 . ρX . 1019 GeV cm−3. The solid, colored lines represent the bounds from a typical
DM density in this range, 1016 GeV cm−3. The darkest grey region, bordered by a black dotted line, represents the region
excluded by the PICO-60 experiment on SD interactions. The less dark grey shaded region, bordered by a black dotted dashed
line, represents the parameter space excluded by current XENON1T bounds, and the light grey shaded region, bounded by
the solid black line, is the additional parameter space excluded by the XENON neutrino floor if, null results persist when the
XENON experiment reaches the neutrino floor. Note that the detection of all Pop III masses considered here can be used to
rule out previously unexplored parameter spaces for sufficiently high DM densities.
upper end of that range. Increasing the DM density from 1013 GeV cm−3 has the effect of placing tighter constraints
on σ, and at the maximum we consider here (1019 GeV cm−3) any Pop III star more massive than 100M can be
used to place bounds more competitive than XENON1T bounds across all DM masses and below the neutrino floor
at higher DM masses (& 104 GeV). We have also considered a semi-conservative case, corresponding to ρX = 1016
GeV cm−3 which demonstrates that even in lower density environments, the bounds placed by all stellar masses are
lower than the XENON1T one-year bounds for SI interactions, once DM masses are & 105 GeV. Since LDM ∝ ρX ,
our projected bounds are deeper for higher ρX , as evidenced in Fig. 7. Also, higher mass Pop III stars lead to more
stringent bounds, since more massive stars are more efficient DM captors.
The broken power for our projected limits on σ from Fig. 5 can be easily understood. For the lower mX , when
k  1, we have LDM ∝ σ/m0X , and therefore the bounds are insensitive to mX . Conversely, when k  1, i.e. for the
higher mX , the luminosity due to captured DM annihilations scales like LDM ∝ σ/mX , and therefore the bounds on
σ scale linearly with mX .
An intriguing question to ask is, for a given stellar mass, what minimum ambient DM density is necessary for
constraining below the neutrino floor or the current XENON1T bounds? To answer this question, we note that at
large mX both our method and the direct detection experiments predict bounds that scale linearly with mX . For the
neutrino floor bounds we take:
σn.f ≈ 10−49.7 cm
2
GeV
mX , (22)
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while the current XENON1T limits are given by Eq. (8). Under the τ  1 limit, we can approximate the sum in
Eq. (15) with 2/3kτ , and solve for ρX :
ρX;NF ≡ 1049.7 GeV
cm2
√
8pi
243
1
M?
v¯3
v4esc
LEdd(M?)− Lnuc(M?)
f
, (23)
ρX;X1T ≡ 1047.9 GeV
cm2
√
8pi
243
1
M?
v¯3
v4esc
LEdd(M?)− Lnuc(M?)
f
. (24)
This provides an analytical method to estimate the DM density necessary for our method to predict upper bounds on
σ that are at the XENON neutrino floor, and the current XENON1T one year limits. For densities higher than ρX;NF
(ρX;X1T ), the observation of a Pop III star of mass M? will place bounds deeper than the neutrino floor (XENON1T
1-year bounds). In Table II we give ρX;NF and ρX;X1T for Pop III stars in the mass range M? = 100 − 1000 M.
Note that the values for ρX;NF range from ∼ 1016 GeV cm−3, our semi-conservative density, up to ∼ 1017 GeV cm−3,
∼ 2 orders of magnitude below our highest density considered, 1019 GeV cm−3. For ρX;X1T , the values range from
∼ 1014 GeV cm−3 to ∼ 1015 GeV cm−3, closer to our conservative bounds. This means that placing bounds tighter
than the current best bounds from the XENON1T 1-year experiment is very plausible through the observation of Pop
III stars. A similar analysis would show the same is true for probing below the neutrino floor, as can be seen from
Table II.
M?[M] Log10(ρX;NF / GeV cm−3) Log10(ρX;X1T / GeV cm−3)
100 17.1 15.3
200 16.7 15.0
300 16.5 14.7
400 16.3 14.6
600 16.1 14.3
1000 16.0 14.2
TABLE II. Table showing the DM densities that would imply bounds on σ−mX parameter space competitive with the neutrino
floor (ρX;NF , Eq. (23)) or the current XENON1T 1-year experiment (ρX;X1T , Eq. (24)) for a given stellar mass. DM densities
higher than the values quoted here would lead to bounds deeper than the neutrino floor/XENON1T experiment for a given
Pop III mass.
We conclude this paper with Sec. IV, where we summarize our main results and discuss their implications and
potential limitations.
IV. SUMMARY AND DISCUSSION
In this paper, we study the observable effects of DM capture on Pop III stars, for DM with particle mass (mX)
larger than 100 GeV. In Sec. II, we find that the additional heat source due to captured DM annihilations can lead
to upper limits on Pop III stellar masses. Assuming the DM-proton scattering cross section (σ) at the upper bound
given by XENON1T for SI scattering, and for sufficiently high ambient DM densities at the location of the star (ρX),
we find that this maximum Pop III stellar mass can be as low as ∼M (see Fig. 3). In Sec. III, we provide a novel
way to place competitive bounds on the product of two very important DM parameters: the DM density at the center
of mini-halos hosting Pop III stars (ρX), and the DM-proton scattering cross section (σ) (see Fig. 5). This is based
on the fact that the capture rate, and hence the DM luminosity, in equilibrium, is shown to be proportional, for a
large swath of the σ−mX parameter space, with the product between ρX and optical depth parameter (τ), which in
turn is proportional with σ (see Fig. 4). In practice, our projected bounds are obtained by assuming the upcoming,
potential identification of Pop III stars and their corresponding masses, and by imposing the Eddington luminosity
limit. Having constrained σρX , we can break this degeneracy if we know either of those two parameters. In Fig. 6,
we forecast limits on the DM density at the center of Pop III star hosting minihalos by assuming direct detection
experiments will identify DM somewhere in the allowed region of the σ −mX parameter space, between the current
XENON1T bounds, and the neutrino floor. In Fig 7, we present upper limits on σ vs. mX , assuming adiabatically
contracted DM densities in the Pop III star host minihalo. Most intriguingly, we show that with our method, Pop III
stars can be used to probe below the neutrino floor. We note here that a major benefit of our method is that higher
mass stars allow us to place tighter bounds due to their enhancement of DM luminosity. This is beneficial because
the future detection of Pop III stars is more likely to occur for more massive stars.
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We also recognize that this method makes assumptions about DM properties, such as its ability to self-annihilate,
and so it is somewhat limited in that regard. However, note that for thermal DM, annihilations are a key ingredient
in the DM production mechanism.Therefore, this is not an assumption of the model, but rather a necessity to explain
the observed relic abundance. However, the unitarity limit places an upper bound on the mass of a thermal relic, of
roughly 300 TeV [63]. Mechanisms for thermal DM to bypass the unitarity limit have been identified in the literature.
For example, see [64] for a thermal DM model, with mX up to ∼ PeV. For higher mass DM, self annihilations are
not a requirement, but rather an assumption we make. It is, however, a natural one, as in most models the DM
particle is its own antipartner. Another potential limitation comes from the uncertainty in the ambient DM density
at the center of DM halos, in view of its response to the infall of baryons. For this work we used the well established
adiabatic contraction formalism (see Fig. 8 in Appendix B), which is supported by numerical simulations [65, 66].
For the Milky Way DM halo, rotation curves Gaia DR2 data offers the first experimental evidence of DM density
compression in presence of baryons [67]. However, one should point out that the current resolution of hydrodynamical
N-body simulations is not sufficiently high to probe the inner parsec regions of the DM minihalos deep enough, and
therefore one needs to resort to analytical approximations, such as adiabatic contraction, when estimating ρX in the
ambient environment of Pop III stars, near the center of their host halos. In the near future, more sophisticated
simulations should be able to verify our estimates on ρX , and as such, narrow down the uncertainty bands in our σ
vs mX exclusion limits.
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Appendix A: multi scatter Capture of Dark Matter
We start this Appendix with a brief review of the formalism we used to calculate the rates of DM capture by
Pop III stars. Then we proceed to calculate closed form, analytic approximations for the total capture rates, that
can be very useful from both a practical standpoint, and for explicitly displaying the dependence of the capture
rates in the multiscatter regime with physical parameters of interest. We first introduced those closef form analtyic
approximations for the total capture rates in [46]; however, in view of the word count limitations for that comment
paper, we couldn’t present derivations there. In this Appendix we fill in those details.
For any astrophysical object, the main parameter that controls the capture is the optical depth τ ≡ 2R?σnT , with
R? being the radius of the star, σ being the DM-target nucleus scattering cross section, and nT being the number
density of target nuclei inside the stars. Whenever τ  1 one can use the single scattering formalism introduced by
Gould [42, 43] in the late 1980s. Whenever τ & 1, one has to use the more general mult scatter formalism [44, 46]. In
our work we will use exclusivelly the latter, since, in the limit τ  1 it naturally covers the single scattering regime.
DM particles in the vicinity of any massive object are attracted by its gravitational field. As a DM particle crosses
a the star, it interacts with the nuclei inside, and after each collision it loses an energy of ∆Ei = −β+Ei. Here Ei
represents the energy of the DM particle before the ith collision, and β+ is related to the mass of DM particle (mX)
and mass of target nuclei (m) in the following way β+ ≡ 4mmX/(m+mX)2. If collisions are efficient enough to slow
the DM particle below the escape velocity at the surface of the star, the DM particle is trapped.
The capture rates after exactlly N collisions (CN ) depends on two distinct quantities: the flux of dark matter
particles entering the surface of the star and the probability of capture after exactlly N collsisons with the nuclei
inside the star (gN ). Therefore, the total capture rate can we written, as in Eq. (1), which we reproduce here, for
convenience:
Ctot =
∞∑
N=1
CN =
∞∑
N=1
piR2?︸︷︷︸
capture area
× nX
∫ ∞
0
f(u)du
u
(u2 + v2esc)︸ ︷︷ ︸
DM flux
× pN (τ)︸ ︷︷ ︸
prob. for N collisions
× gN (u)︸ ︷︷ ︸
prob. of capture
. (A1)
where u represents the DM velocity far from the gravitational potential well of the star, pN (τ) is the probability that
a DM with optical depth τ experiences exactlly N collisions (given by Eq. (2)), and gN (u) is the probabilty of capture
after exactlly N collisions. The latter has the following approximate form [44]: gN (u) = Θ(umax;N − u), where Θ(x)
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is the Heaviside step function, umax;N = vesc
[
(1− β+/2)−N − 1
]1/2
, is the maximum value of the velocity a DM
particle can have, far from the star, such that it will be slowed down below the escape velocity after N collisions.
Assuming a Maxwellian velocity distribution, the general formula of capture after N scatters is [44, 46]:
CN =
1
3
piR2?pN (τ)
√
6nX√
piv¯
((
2v¯2 + 3v2esc
)− (2v¯2 + 3v2N) exp
(
−3
(
v2N − v2esc
)
2v¯2
))
, (A2)
where v¯ represents the drifting velocity of DM inside halo, vN = vesc(1 − 〈z〉β+)−N/2 is the velocity of DM after N
scatter where < z > accounts for the scatter angle and has a average value of 12 [44].
We note that the probability of exactly N scatters, pN (τ), can be approximated as follows:
pN (τ) ≈

2τN
N !(N + 2)
+O(τN+1), if τ  1 (A3a)
2
τ2
(N + 1)Θ(τ −N), if τ  1. (A3b)
We verified numerically that the sums defining the total capture rates from Eq. (A1) will generally converge if
Ncut ≈ τ . In our work we perform the sums numerically, until they have converged. However, it is very useful for
future work to investigate if a closed form can be found for Ctot, given the form of CN from Eq. (A2). In Ref. [46]
we presented such a closed form; in view of the word count limitations, we were not able to provide a derivation. We
sketch it below. First, we define the exponential factor Rv in Eq. (A2), as Rv ≡ 3(v
2
N−v2esc)
2v¯2 . Under different mass
limits, Rv behaves differently because of vN . When mN ' mX , β+ ' 1 and vN ∼ vesc(2N − 1)1/2. In the other
limiting case where m mX , β+ ' 4m/mX and vN ' vesc(1 +Nm/mX)1/2. Rv then becomes
Rv ≈

.
3
2
(2N − 1)v
2
esc
v¯2
, if m ∼ mX (A4a)
3
2
N
mN
mX
v2esc
v¯2
, if m mX . (A4b)
Eq. (A2) can then be expanded under the limit Rv  1 and Rv  1 as
CN ≈

1
3
(
6
pi
)1/2
piR2pN (τ)nX
3v2esc + 2v¯
2
v¯
, (A5a)
3
2
(
6
pi
)1/2
piR2pN (τ)
nXv
4
esc
v¯3
β+〈z〉
(
N +N2β+〈z〉
)
. (A5b)
Using the τ  1 approximation of pN (τ) from Eq. (A3b) we get the total capture rate up to Nmax number of
scatters:
Ctot,Nmax ≈

(
2
3pi
)1/2
piR2
τ2
nX
3v2esc + 2v¯
2
v¯
Nmax(Nmax + 3), (A6a)(
6
pi
)1/2
piR2
τ2
nX
v4esc
v¯3
β+〈z〉Nmax(Nmax + 1)(Nmax + 2)
(
1 +
β+〈z〉
4
(1 + 3Nmax)
)
. (A6b)
The above equations would be hold only when τ  1 and Nmax < τ . When Nmax & τ , in view of the Θ(τ −N) in the
approximate form of pN (τ) (Eq. (A3b)), the sum converges around Nmax ∼ τ and Ctot,Nmax reduce to Ctot,τ ≈ Ctot.
In our paper we consider DM particles are much heavier than nucleons(mX  m). Moreover, for Pop III stars
the escape velocity is much larger than the thermal velocity of dark matter(vesc  v¯). Therefore, Eq. (A2) could be
simplified as:
CN =
√
24pinXGM?R?
1
v¯
pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
,where A2N =
3Nmv2esc
mxv¯2
. (A7)
Here it noteworthy that the above equation is slightly different from the corresponding one in [44], where the sign in
front of the term
2A2N v¯
2
3v2esc
appears as a −. This is one of the typos we found in [44], which are explained in [46]. Using
Eq. (A7), the total capture rate becomes:
Ctot(mX) = (const.)× nX
∞∑
N=1
pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
, (A8)
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where, for simplicity, we introduced the following notation: const =
√
24piGM?R?/v¯. To further simplify this expres-
sion, and extract some useful information, we divide the analytical derivation into several cases: single, and multi
scatter. For the former (τ  1), Ctot = C1 and A2N = A21 = k = 3mv
2
esc
mxv¯2
. Since k appears in the exponent, we have two
distinct cases. Therefore, when τ  1 and k  1 (Region III of Fig. 4), the total capture rate can be approximated
as
Ctot(mX) ' (const.)× nXp1(τ) ' (const.)× nX 2τ
3
. (A9)
Conversely, when τ  1 and k  1 (Region IV of Fig. 4), using 2kv¯23v2esc = 2
m
mX
 1, the total capture rate becomes:
Ctot(mX) ' (const.)× nXp1(τ)
(
1−
(
1 + 2
m
mX
)
(1− k)
)
' (const.)× nX 2kτ
3
. (A10)
For multi-scatter case(τ  1), let us introduce the following notation:
∞∑
N=1
pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
= T1 − T2 − T3, (A11)
where T1 ≡
∑∞
N=1 pN (τ), T2 ≡
∑∞
N=1 pN (τ)e
−A2N , and T3 ≡
∑∞
N=1 pN (τ)
2A2N v¯
2
3v2esc
e−A
2
N . We can simplyfy A2N as
A2N = NA
2
1 = Nk = N
3mv2esc
mxv¯2
. For T1, we can directly get T1 = 1− p0(τ) ' 1. For T2 and T3, we first need to expand
the exponential terms into the sum of a series: e−A
2
N = e−Nk =
∑∞
j=0
(−Nk)j
j! =
∑∞
j=0
(−k)j
j! N
j . Then, for τ  1,
and using the approximate form of pN (τ) from Eq. (A3b) times N to some power j, and summing from N = 1 to
∞ is approximately equal to doing the integration over the same range. By keeping the leading order term of the
integration, we get the following
∞∑
N=1
pN (τ)N ≈
∫ τ
1
2
τ2
(N + 1)NdN ≈ 2
3
τ,
∞∑
N=1
pN (τ)N
2 ≈
∫ τ
1
2
τ2
(N + 1)N2dN ≈ 1
2
τ2,
∞∑
N=1
pN (τ)N
3 ≈ 2
5
τ3 ...
(A12)
And this lead to a more general format
∞∑
N=1
pN (τ)N
j ≈ 2
j + 2
τ j . (A13)
Finally, by substituting Eq. (A13) into the definitions of T2 and T3 we obtained the following closed form:
T2 ≡
∞∑
N=1
pN (τ)e
−A2N ≈
∞∑
j=0
2(−kτ)j
j!(j + 2)
=
2e−kτ (−1 + ekτ − kτ)
(kτ)2
, (A14)
T3 ≡
∞∑
N=1
pN (τ)
2A2N v¯
2
3v2esc
e−A
2
N =
2m
mX
∞∑
N=1
pN (τ)Ne
−A2N ≈
∞∑
j=0
2τ(−kτ)j
j!(j + 3)
=
4m
mX
e−kτ (−2 + 2ekτ − 2kτ − k2τ2)
k3τ2
.
(A15)
We can further approximate the expansions of T2 and T3 in Eqns. (A14)- (A15), depending on the value of kτ . By
combining the T1, T2, and T3 approximate values, and keeping only leading order terms, we get:
∞∑
N=1
pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
=

2
3
kτ if kτ  1 and τ  1 (A16a)
1 if kτ  1 and τ  1 (A16b)
The two results above represent the values
∑∞
N=1 pN (τ)
(
1−
(
1 +
2A2N v¯
2
3v2esc
)
e−A
2
N
)
takes in Regions I and II, respec-
tivelly, of Fig. 4. The values in Regions III and IV can be infered from Eq. (A9) and Eq. (A10), respectivelly.
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Appendix B: DM Mini-halos
The first stars in the universe are believed to have been formed in DM mini-halos of mass Mhalo = 10
5−106M, at
typical redshifts of z = 10−50 [30]. The DM profiles formed at these redshifts hosting Pop III stars have been studied
extensively, particularly within the context of DM’s effect on the stellar formation [50, 60]. These works have also
discussed the effects of baryonic in-fall to the halo’s core on its density profile. The process of adiabatic contraction
has been used to simulate this through calculations involving the conservation of adiabatic invariants, assuming an
adiabatic process [60, 68]. Recent work has also demonstrated that massive Pop III star formation can persist up to
redshifts of z ∼ 6 in extreme cases [69]. This supports the recent claim of detection of a Pop III stellar complex at
z ∼ 7 by [62].
In this section we will mainly utilize the methods in [60] and [68] to calculate the density profiles of DM mini-halos
at redshifts of z ∼ 7 and z ∼ 10 − 50 to find the DM density at the edge of the baryonic core, ρX . This parameter
is necessary for accurately calculating the DM capture rates in Pop III stars and thus calculating constraints on the
DM-nucleon scattering cross section. We also calculate the DM dispersion velocity, v¯, for these different halos.
We start by describing the initial DM halo profile before contraction using the standard NFW profile [59]:
ρhalo =
ρ0
r
rs
(
1 + rrs
)2 (B1)
where ρhalo is the DM density at a point r from the center, rs is the scale radius and ρ0 is a normalization called the
central density [48, 49]. The virial raidus rvir is related to the virial mass of the halo (Mhalo) in the following way:
Mhalo
4pi
3 r
3
vir
= 200ρcrit(z), (B2)
where ρcrit is the critical density of the universe at redshift z. The central density is calculated as a function of the
halo’s concentration parameter, c ≡ rvirrs , and the redshift, z, via the following equation:
ρ0 = ρcrit (z)
200
3
c3
ln (1 + c)− c/ (c+ 1) , (B3)
From the virial theorem, we can calculate the dispersion velocity of DM, v¯:
〈v¯2〉 = W¯
Mhalo
(B4)
where
W = −4piG
∫
ρhaloMhalo (r) rdr (B5)
is the gravitational potential of the DM halo. The typical pop III star forming at z ∼ 10 − 50, in halos of mass
Mhalo = 10
5 − 106M, with concentration parameters from c = 1 − 10, will have dispersion velocities of v¯ = 1 − 15
km/s, corroborated by [48, 49]. For the case of a pop III star forming at z ∼ 7, [69] showed a minimum halo mass
for formation of Mhalo ∼ 108M. Assuming concentration parameters ranging from c = 1− 10 as well, the dispersion
velocities range from v¯ = 22− 55 km/s.
Under the assumption of adiabaticity for the collapse of a protostellar cloud, we can assume adiabatic invariants
are well conserved and use this fact to calculate the effect of baryonic in-fall on the DM profiles, following [60]. We
utilize the Blumenthal [68], where conservation of angular momentum is assumed as the halo is compressed, to solve
for the final mass profile given by the following equation: Mf (rf )rf = Mi(ri)ri. This equation essentially says that
a particle at an initial radius ri, is pulled into a final radius rf , where M(r) is the total enclosed mass at r. Note
that [60] has shown that, within factors of a few, this method reproduces results from the more ellaborate Young [70]
and Gendin [71] methods, which allow for non circular DM orbits.
We summarize our results from contracting the initial NFW profiles given by Eq. (B1) in Fig. 8 for Pop III star-
forming halos at z ∼ 7 and z ∼ 15. We find that, at both redshifts, the DM densities at the edge of the baryonic cores
are greatly enhanced by the process of adiabatic contraction, largely irrespective of the concentration parameter. It
is also evident that there is little variation in the densities at the edge of the baryonic core when considering the
different redshifts. As discussed in Section III, these enhanced DM densities allow for competitive constraints on the
DM-nucleon scattering cross-section.
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FIG. 8. Adiabatically contracted NFW DM profiles for redshifts z ∼ 7 and z ∼ 15. The solid lines represent the profiles for
c = 10 while the dotted lines are those for c = 1. The different colors of the lines represent varying the densities of the core
baryonic gas cloud collapsing at the center of the DM halo, on its way to becoming a proto Pop III star (nB ∼ 1022 cm−3).
Despite the different redshifts, the DM profiles are very similar and demonstrate that the effect of concentration parameter is
mostly insignificant in the ranges discussed. Both cases show a significant enhancement and lead to DM densities at the edge
of the core as high as ρX = 10
19 GeV cm−3, assuming adiabatic contraction operates until the formation of a protostellar core.
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